The nucleotide sequence of a transfer RNA precursor molecule coded by bacteriophage T4 has been determined. The molecule is a single polynucleotide chain which contains two transfer RNA species that are destined to recognize serine and proline. The 3' -CCAOH termini of both mature transfer RNA species are absent in the precursor molecule; these termini must therefore be added enzymatically at a subsequent stage of maturation. Nucleotide residues unique to the precursor are located at both ends of the molecule and between the two transfer RNA sequences.
Stable RNA species in both bacterial and mammalian cells appear to be synthesized via the sequential cleavage of primary transcription units which are longer in nucleotide sequence than the mature products. The specific details of these biosynthetic processes-the order of reactions, the enzymes involved, the nature of the RNA intermediates, and the specificity of the RNA-protein interactions-are only poorly understood at this time. This situation results primarily from the intrinsic instability of the biosynthetic intermediates investigated, which has precluded their direct analysis.
One successful means of dealing with this problem has been the use of genetic mutants which accumulate various biosynthetic intermediates (1, 2) . We have previously reported an alternative approach using bacteriophage-T4-coded transfer RNAs. A unique feature of this system is the accumulation, in nonmutant form, of several tRNA precursor molecules. Of the eight T4-specific tRNAs, six can be accounted for by three precursor molecules, each containing the sequences of two different tRNA species (3, 4) .
We report here the nucleotide sequence of one of these precursors, which is 175 nucleotide residues in length and contains the sequences of serine and proline tRNAs, with additional nucleotides at the 5' and 3' termini as well as in the interstitial region. Our results also demonstrate that, at least in this system, the 3' terminal trinucleotide -CCAOH common to all tRNAs is not transcribed; it must therefore be added enzymatically at a subsequent stage of tRNA maturation.
MATERIALS AND METHODS
Methods of phage infection, 32P-labeling, and RNA fractionation by polyacrylamide-gel electrophoresis have been described (3, 4) . In vitro cleavage of precursor band A was as in Guthrie et al. (3) . Sequence analysis of 32P-labeled RNA involved electrophoretic fractionation of ribonuclease products on paper and their detection by autoradiography, according to the methods developed by Sanger and his colleagues (5) .
The sequences shown in Fig. 1 were derived as follows. First, the complete nucleotide sequences of mature serine and proline tRNAs were determined. Then, band A (the precursor to two RNAs that recognize serine and proline) was analyzed after complete ribonuclease T1 and ribonuclease A digestions and the resultant two-dimensional fingerprint patterns were compared with those of the mature tRNAs. Oligonucleotides (from ribonuclease T1 and A digestions) shared by band A and the mature tRNAs were judged to be identical in sequence by: their positions in the fingerprint, the products obtained after further ribonuclease digestions, and the spectra of modified nucleotides. Oligonucleotides unique to band A were sequenced by conventional techniques and were positioned in the linear sequence of band A by means of overlap products obtained after limited ribonuclease T1 digestion (5) . The sequences of the in vitro-cleaved tRNAs were determined to be identical to those of the mature tRNAs by the above criteria and differed only in their 3' ends; the sequences of the 3' end groups were determined by standard techniques (5) .
RESULTS
The low-molecular-weight RNA synthesized by Escherichia coli upon infection with bacteriophage T4 can be resolved into eight components by electrophoresis on a gel of 10% polyacrylamide. The slowest moving of these molecular species, band A, is the precursor to two bacteriophage T4 tRNAs which recognize serine and proline. This relationship has been demonstrated by comparisons of ribonuclease A and T, fingerprints of band A with those of the mature tRNAs coded by bacteriophage T4, the in vitro nucleolytic cleavage of band A to yield serine and proline tRNAs, and pulse-chase analysis of band A (3, 4) .
To enable a more rapid analysis of band A, we first determined the sequences of serine and proline tRNAs (Fig.  1, bottom panel) . A comparison of the ribonuclease T1 products of mature serine and proline tRNAs with those of band A reveals the presence of a number of oligonucleotides which are unique to band A. The next step in the determination of the sequence of band A was thus to sequence these precursor- Proc. Nat. Acad. Sci. USA 71 (1974) Component A (Pro -Ser tRNA precursor) (3) . N1 and Na are unidentified modified residues of U. i specific oligonucleotides; this was achieved using conventional techniques (5).
The 5' and 3' termini of band A do not correspond to the termini of either of the mature tRNA species, which suggests that precursor-specific nucleotides are located at both ends of the molecule. The existence of interstitial precursorspecific sequences (i.e., nucleotides between the two mature tRNA sequences) was considered to be of particular interest in view of the question of whether the 3' -CCAOH terminus common to all known tRNAs is in fact transcribed. To complete the sequence of band A it was thus necessary to obtain oligonucleotides which uniquely overlap the precursorspecific sequences and the tRNA sequences to yield an unambiguous structure. These oligonucleotides were obtained by limited ribonuclease T1 digestions of band A, followed by sequence analysis of the products isolated after homochromatography (5). These operations gave two products which contained the 5' mononucleotide diphosphate pUp and extended to or through the stem supporting the dihydrouridine loop of the proline tRNA. Three products were identified that spanned the interstitial region and included sequences corresponding to the 3' end of proline tRNA and the 5' end of serine tRNA; these products uniquely defined the order of the tRNA sequences as 5'-pro-ser-3'. In addition, two products were found containing a 3' -OH and extending back through the variable loop of the serine tRNA. The final sequence deduced from these analyses is shown in Fig. 1 (top (Fig. 1, middle  panel) .
DISCUSSION
The bacteriophage T4 precursor for serine tRNA-proline tRNA, band A, is characterized by the following features: (a) it is dimeric (i.e., it contains the sequences of two tRNA species), (b) it contains at least 13 precursor-specific nucleotides which are located at the 5' and 3' termini and in the interstitial region, (c) it contains all the minor bases present tion of serine tRNA (3), (d) it is lacking a 5' terminal mononucleotide triphosphate (although this might simply reflect the exonucleolytic fraying of the 5' end of the molecule), and (e) it does not contain the 3' terminal -CCAOH sequences of the mature tRNAs.
Most of these features are not shared by the only other tRNA precursor for which the sequence has been determined, the precursor to the SU3 tyrosine tRNA of E. coli (1) . It is useful to examine these discrepant characteristics as providing some insight into the central question of structure in tRNA biosynthesis.
Although both tRNA precursors are carried on phage genomes (the tyrosine gene is carried by 08O), perhaps the most relevant distinction is that the tyrosine gene was segregated from a region of the E. coli genome which normally carries two tyrosine tRNA genes in tandem (6) . This unnatural origin could conceivably account for at least some of the observed differences. For example, several lines of evidence now suggest that the monomeric nature of the tyrosine precursor might well be exceptional even in E. coli. Most compellingly, recent experiments (2) strongly suggest that many tRNAs in E. coli are synthesized via multimeric precursor molecules. As stated above, six of the eight tRNAs coded by bacteriophage T4 have been accounted for by three dimeric precursors. Furthermore, since we have not yet established whether these dimeric molecules are in fact the primary units of transcription, we still consider the possibility that precursors larger than dimers also exist in bacteriophage T4 (3). Perhaps the most significant discrepancy between the two precursor sequences is the presence or absence of the 3' terminal -CCAOH trinucleotide. The biosynthesis of the 3' terminus of tRNAs has been a controversial question for a number of years (7) . Although the bulk of evidence has been interpreted as favoring the post-transcriptional, enzymatic addition of the -CCAOH sequence, many of these arguments were largely circumstantial, such as the universality of the 3' terminal sequence irrespective of cell source or tRNA specificity and the ubiquity of an enzyme (nucleotidyl transferase) which can perform the -CCAoH addition. Our data now show unequivocally that, at least for two bacteriophage T4 tRNAs, the -CCA sequence is not transcribed. We consider two possible explanations for the presence of the -CCA sequence in the tyrosine precursor: (a) the tyrosine precursor, for reasons suggested above, is unique (although we cannot rule out the possibility that it is the bacteriophage T4 precursor, though more compatible with the majority of experimental data, which will prove to bc exceptional), or (b) the -CCA sequence identified in the tyrosine precursor is fortutious-during maturation it is cleaved and subsequently replaced. The second suggestion seems not all that unlikely, particularly since tyrosine tRNA contains a series of three -CCA sequences at its 3' end (1) .
Both precursors are cleaved in the presence of uninfected E. coli extracts to generate the correct 5' termini of the respective mature tRNAs (1, 3) . The enzymatic activity (ribonuclease P) responsible for the endonucleolytic cleavage of the tyrosine precursor has been purified (8) and appears to be identical to one of the enzymes identified which process multimeric tRNA precursors of E. coli (cited ref. 2) . It is conceivable that ribonuclease P is also responsible for in the mature tRNAs except for the 2'-O-methyl G modificaProc. Nat. Acad. Sci. USA 71 (1974) the cleavage of T4 precursors seen in our in vitro system, but we have not yet tested this possibility by using a purified enzyme preparation. In any case, if only a single enzyme is involved in both cleavages pictured in Fig. 1 , we must conclude that the enzyme does not recognize a unique primary sequence. Thus, specific enzymatic recognition must ultimately depend on the conformation of the precursor molecule.
Among the details of the various maturation processes which we must eventually elucidate, perhaps the most fundamental question remains: what is the biochemical role(s) of the precursor-specific nucleotides, i.e., why has the use of precursors been universally invoked in stable RNA synthesis? A particularly attractive possibility is that the precursor structure influences the amount of mature product formed. This function could presumably be exerted at several levels, such as by affecting the rate of transcription or, alternatively, the rate of maturation. Studies on various mutants of the SU3 tyrosine tRNA which accumulate precursor at the expense of mature tRNA have led to the suggestion that the precursor molecule can assume several alternative conformations, only one of which is susceptible to attack by processing enzymes (1) . Thus, mutations in either the tRNA sequence or in precursor-specific regions which affect the secondary structure of the precursor molecule would influence the amount of mature tRNA formed. Such a mechanism is indeed consistent with our observations in the bacteriophage T4 system (3): point mutations in a tRNA sequence affect the final level not only of the mutationally altered tRNA but also that of a second tRNA synthesized on the same precursor molecule. Thus, one teleological justification of such a mechanism, as we have suggested previously (3), would be to provide an early opportunity for detecting errors in RNA structure and, consequently, for preventing the possibly deleterious product from entering the protein synthetic apparatus.
The results presented here emphasize that a number of questions must be answered before we can achieve a thorough understanding of the molecular mechanisms involved in the biosynthesis of tRNA. It is hoped that sequence analyses of other bacteriophage T4 tRNA precursors now in progress will provide some of these answers.
